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Abstract  
We tested the two main evolutionary hypotheses for an association between immunity and 
personality. The risk-of-parasitism hypothesis predicts that more proactive (bold, exploratory, 
risk-taking) individuals have more vigorous immune defenses because of increased risk of 
parasite exposure. In contrast, the pace-of-life hypothesis argues that proactive behavioral 
styles are associated with shorter lifespans and reduced investment in immune function. 
Mechanistically, associations between immunity and personality can arise because 
personality differences are often associated with differences in condition and stress 
responsiveness, both of which are intricately linked with immunity. Here we investigate the 
association between personality (measured as proactive exploration of a novel environment ) 
and three indices of innate immune function (the non-specific first line of defense against 
parasites) in wild superb fairy-wrens Malurus cyaneus. We also quantified body condition, 
hemoparasites (none detected), chronic stress (heterophil : lymphocyte ratio) and circulating 
corticosterone levels at the end of the behavioral test (CORT, in a subset of birds). We found 
that fast explorers had lower titers of natural antibodies. This result is consistent with the 
pace-of-life hypothesis, and with the previously documented higher mortality of fast 
explorers in this species. There was no interactive effect of exploration score and duration in 
captivity on immune indices. This suggests that personality-related differences in stress 
responsiveness did not underlie differences in immunity, even though behavioral style did 
modulate the effect of captivity on CORT. Taken together these results suggest reduced 
constitutive investment in innate immune function in more proactive individuals. 
 
Keywords 
Animal personality; coping style; constitutive innate immunity; proactive behavior; stress 
responsiveness; ecological immunology; corticosterone; H:L ratio; natural antibodies 
Introduction 
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Highlights 
 We related risk-taking behavior to indices of constitutive innate immunity 
 More exploratory, more proactive individuals had lower natural antibody titers 
 This agrees with their faster pace-of-life, but not with higher risk of parasitism 
 Coping-style-related stress responsiveness did not explain differences in immunity 
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Immune defenses are critical for host resistance to parasites and pathogens. At the same time, 
immune responses are highly flexible, varying with the environment, season, individual state 
or breeding stage. However, there is also consistent variation in immune function between 
individuals that may be related to consistent individual differences in behavior (Réale et al 
2010). Behavioral differences among individual animals are often repeatable across situations 
and through time, a phenomenon referred to as ‘animal personality’  (Sih et al. 2004). 
Individuals show consistent differences in various behaviors such as exploration, boldness, 
aggressiveness and sociability (review in Réale et al. 2007). These behavioral traits are often 
correlated to form a behavioral syndrome along a ‘proactive-reactive’  behavioral axis  (also 
known as ‘coping style’  Koolhaas 2008). A more proactive behavioral style involves greater 
tendency to explore, to be bold and to take risks, and is typically measured in a simple 
standardized test in a novel environment (Verbeek et al. 1994). Such behavioral styles co-
vary with suites of other traits, such as foraging strategy, dispersal tendency and a range of 
physiological functions (reviews in Sih et al. 2015; Réale et al. 2010; Carere et al. 2010), 
including stress response and immune function (Koolhaas et al. 2010). 
 
An evolutionary hypothesis predicting a link between coping style and immune 
function argues that the risk of acquiring parasites or infections is influenced by an 
individual’s behavioral type (Barber and Dingemanse 2010, Kortet et al. 2010, Zylberberg et 
al. 2014, see also Friedman 2008 for a similar argument for humans). Proactive individuals 
are bolder, more exploratory, more likely to engage with novel situations, more social, more 
wide-ranging and engage more in aggressive interactions (Aplin et al. 2013, Sih et al. 2004). 
As a result, proactive individuals are predicted to have a greater likelihood of encountering 
novel and diverse parasites and pathogens, and of being injured and thus exposed to infection. 
The utility of immune defenses for withstanding parasites and pathogens generates an 
important selection pressure for co-variation between coping style and immune function. 
Thus, this risk-of-parasitism hypothesis predicts stronger immune responses in proactive 
individuals than those observed in reactive individuals (Barber and Dingemanse 2010, Kortet 
et al. 2010; for an example see Zylberberg et al. 2014).  
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A contrasting evolutionary argument for an association between immunity and 
personality is founded in the pace-of-life syndrome as an explanation for the existence of 
behavioral syndromes (Réale et al. 2010). As a result of the fundamental trade-off between 
reproduction and survival, pace of life among individuals varies along a continuum, from 
longer-lived with a slower reproductive rate, to a ‘ live-fast-and-die-young’  strategy, evident 
between-species, but also present among individuals within populations (Ricklefs and 
Wikelski 2002). This variation in life-history strategy is associated with individual 
differences in risk-taking behaviors such as exploration, boldness, and aggression (Réale et 
al. 2010). Individuals that seek to maximize survival are predicted to be risk-averse and thus 
engage less in risky behaviors than individuals that prioritize current reproduction, at the 
expense of future survival (review in Réale et al. 2010). Immune function is important for 
survival, but costs associated with immune system use and/or maintenance may divert 
energy, nutrients and other important resources from reproduction (Sheldon and Verhulst 
1996, Lochmiller and Deerenberg 2000, Klasing 2004, McKean and Lazarro 2011). 
Individuals that prioritize survival and future reproduction, and engage less in proactive 
behavior, are thus expected to have more vigorous immune defenses. The pace-of-life 
hypothesis therefore predicts a negative relationship between proactive coping style and 
immune function (Réale et al. 2010).  
 
At the organismal level, immune defenses and behavior could be directly linked 
because of individual differences in ‘state’  (features of an individual that affect the cost and 
benefits of its behavioral actions, Lutberg and Sih 2010). For example, differences in parasite 
load could lead to associations between immune parameters and behavior if parasites directly 
alter host behavior and invoke host immune responses (Barber and Dingemanse 2010). 
Parasites can also affect host body condition, and if behavior and immunity are both 
condition-dependently expressed, this will generate a pattern of co-variation, as proposed by 
Kortet et al. (2010). They made the point that bold behavior may improve resource 
acquisition, which results in strong immune function and condition. Likewise, more 
‘ immuno-competent’  individuals may suffer a smaller cost of parasitism and because of this 
are in better condition. As a result, they can be more proactive and bold, because they can 
tolerate the increased risk of parasitism associated with these behaviors. These two processes 
are not mutually exclusive, but rather reinforce each other, and this hypothesis predicts 
positive feedback loop between immune function, personality, and condition or parasitism 
(Sih et al. 2015).  
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At a physiological level, co-variation between immunity and behavior is often based 
on endocrine physiology, the stress response system in particular (Koolhaas 2008, Carere et 
al. 2010). Individual variation in behavior co-varies with stress responsiveness, with slower 
explorers having stronger acute stress responses (e.g. Baugh et al. 2013), but more proactive 
individuals being more prone to chronic stress (Carere et al. 2010, Koolhaas et al. 2010). The 
stress response system is intricately linked with the immune system, so individual coping 
style is predicted to co-vary with individual variation in immune parameters, which is 
supported by limited evidence from domesticated animals (for review see Koolhaas 2008). 
For example, although some studies showed differences in several immune parameters 
between reactive and proactive coping pigs (Hessing et al. 1995; Bolhuis et al. 2003; 
Schrama et al. 1997), a later study using the same methods, found no difference between the 
two coping styles (Geverink et al. 2004). The authors of the latter study presumed that this 
was because immune function was tested during a non-stressful period, whereas the earlier 
studies studied animals during stressful periods of transition and change, when differences in 
stress responsiveness between coping styles would be expressed. The notion that relationship 
between immunity and personality types depends on current stress levels is supported by 
studies on wild-caught songbirds. Great tits (Parus major) and greenfinches (Carduelis 
chloris) that had suffered greater damage to their tail after a few weeks in captivity showed 
reduced inflammatory responses to an immune challenge in comparison to birds with more 
intact tails (Sild at al. 2011, Krams et al. 2013). Arguing that greater tail damage indicated 
greater locomotion as a result of greater stress, the authors interpreted their results as an 
inability of proactive birds to adapt to captivity (Sild et al. 2011). These demonstrated links 
between behavior and immunity during prolonged (weeks) stress provide support to the 
hypothesis of an association between coping style and immune function (Barber and 
Dingemanse 2010, Réale et al. 2010). 
 
Here we further investigate the natural co-variation between coping style and 
immunity in wild animals not exposed to prolonged captivity. We assessed exploration 
behavior in a novel environment test (Verbeek et al. 1994) in wild-caught superb fairy-wrens 
(Malurus cyaneus), a group-living small passerine. In this population, exploration score (the 
number of unique perches visited) is the most repeatable behavior of a set of correlated 
behavioral traits that combine into a behavioral syndrome in the sense of a proactive-reactive 
stress coping strategy (Hall et al. 2015). This risk-related behavior increases as individuals 
age, when their body condition decreases, and it is negatively related to survival probability 
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(Hall et al. 2015). We related individual variation in exploration to three indices of 
constitutive innate immune function (Kimbrell and Beutler, 2001). This aspect of immunity is 
important for surveillance, serving as a first line of defense against novel parasites and 
infections, and therefore a good target for evolved differences in immunity in response to risk 
of encountering more and/or greater variety of novel parasites (Matson et al. 2005). We 
assessed (1) whether coping style is predictive of immune indices or (2) whether coping-
style-related stress responsiveness - determined as an interaction between handling stress and 
coping style - is predictive of immune indices and (3) whether associations between coping 
style and immune indices are explained by body condition. 
 
Mater ial and Methods 
 
Study system & field methods  
We have studied a population of around 100 groups of superb fairy-wrens at Serendip 
Sanctuary in south-eastern Australia (38.00°S, 144.41°E) since July 2009 (Hall et al. 2015). 
Birds in this population were banded with a unique combination of three colored bands and a 
numbered metal band issued by the Australian Bird and Bat Banding Scheme, allowing the 
identification of individuals in the field to determine the size and membership of social 
groups. Social groups ranged in size from one (solitary occupant) to ten individuals (mean = 
4.48, on average 1.21 adult females, 1.89 adult males, and 1.38 juveniles). Groups are stable 
across the year, although individuals can disperse and join other groups.  
 
The birds used for this study (133 individuals, 84 males (27 juveniles), 49 females (16 
juveniles), from 62 social groups) were captured between 17 February and 11 May 2012, in 
the post-breeding season of this species. Birds were captured in mist nets, and we measured 
the mass (± 0.1g) and tarsus length (± 0.01mm) for each individual. Birds were classified as 
juveniles if they hatched in the previous breeding season; otherwise, they were classified as 
adults. Adult birds were sexed based on plumage characteristics, and juveniles were sexed 
genetically using a standard molecular procedure (Hall et al. 2015). After capture, we 
quantified behavior (see below) and then took a blood sample of up to 100 µl from each bird 
by puncturing the brachial vein and collecting blood in heparinised capillary tubes (blood was 
sampled after first capture only). A blood smear was made with whole blood using the 
wedge-pull method for differential white blood cell counts. The remaining blood was stored 
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on ice for two to six hours, after which it was centrifuged at 16,060 RCF for 3 minutes in a 
haematocrit centrifuge to separate the plasma and cellular fractions. Blood plasma was stored 
in O-ring tubes at -20˚C until 15 May 2012, and then at -80˚C until analysis of immune 
function (see below).  
 
Behavioral assay procedure   
We quantified individual differences in tendency to be exploratory in a risky context. To do 
so we employed the standard technique for birds (see for example Dingemanse et al. 2002, 
2004) of introducing individuals to a novel, artificial environment (described in detail in Hall 
et al. 2015). In summary, following capture and processing in the field, birds were 
individually held in cages for a minimum of 60 minutes prior to behavioral tests (median = 
70.2 min, max. 163 min). This holding time was selected to assess birds after peak of the 
acute/short-term stress response but before the chronic stress response. The sharp increase in 
corticosteroids during the acute, or short-term, stress response reaches its maximum after 15-
60 min and then returns to initial values (see review in Hau et al. 2016, Cockrem 2007). 
When exactly the chronic stress response starts is unclear, but recent studies have shown this 
to be within days in various bird species (Lattin et al. 2012; Cyr et al. 2007, Cyr and Romero 
2007; Dickens et al. 2009). Moreover, longer captivity durations could introduce other 
confounding effects, such as variation in adaptation to captivity (Sild at al. 2011). 
Additionally, we had ethical concerns: superb fairy-wrens are highly social, and longer 
removal can cause serious social disruption in the population. The holding cages were located 
in an on-site dimly-lit, quiet holding room and birds were visually, but not acoustically, 
isolated. The internal walls and roof of the cages were lined with acoustic foam, and a cloth 
curtain was drawn across the front to reduce disturbance. Birds had access to food and water.  
 
Behavior of the birds was quantified after release into a standard novel environment, a 
room with four artificial trees. Two small video cameras (GoPro) placed in opposite corners 
of the ceiling provided live video feed to a monitor in an adjacent room, allowing an observer 
to record the time and perch used whenever the bird moved among a total of 40 perching 
areas (31 perches, and 9 floor zones). The propensity of a bird to explore the room was 
scored as the number of unique perching areas the bird visited in 5 minutes after first entering 
the test room (exploration score). The novel environment probably represents a risky context 
for wild animals, and behavior during such tests has been shown to be related to coping style 
(Koolhaas et al. 2007) and can be predictive of exploratory tendency in the wild (Boon et al 
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2008). At the end of the trial, the observer entered the test room, turned off the light, 
recaptured the bird by hand, and took it into a second room for blood sampling. Birds were 
then released at their original site of capture. The time between initial capture and completion 
of blood sampling was used as a measure of ‘duration of captivity’ , and ranged from 90 to 
208 minutes (median = 130.8).  
 
All birds underwent the behavioral test once between 17 Feb and 11 May 2012. 
During the following 2.5 years, until 12 Oct 2014, the behavioral test was repeated for 105 
individuals between 1 and 5 times (median 3 times) following the same protocol (for details 
see Hall et al. 2015). Our previous research showed no effect of season on exploration score 
and also no change in behavior associated with repeated exposure to the test (no effect of 
sequence or test interval in Table 1, Hall et al. 2015). In addition to the exploration score, 
Hall et al. (2015) scored activity and two behaviors representative of boldness and 
aggression, both of which were correlated with exploration to form a behavioral syndrome, 
consistent with a proactive-reactive continuum of coping strategies. Since exploration score is 
the most repeatable trait (r = 0.37 vs r < 0.15) and related to fitness (Hall et al. 2015) and 
therefore the most appropriate as a proxy for individual differences in behavioral type (van 
Asten et al. 2016, Hall et al. 2016), we include only exploration score in our study. In our 
statistical analyses, we use the exploration score on the day of blood sampling, as well as the 
mean of repeated exploration scores, allowing us to address whether immunity is more 
closely related to behavior at that moment, or to coping style as a consistent individual trait. 
In agreement with the long-term stability of exploration behavior (Hall et al. 2015), all results 
were extremely similar for both exploration scores. 
 
Immune assays 
Innate immunity is a general part of the immune system that can act rapidly and effectively 
without previous exposure to specific pathogens and confer broad protection against a variety 
of pathogens (Kimbrell and Beutler, 2001). In light of this connection to encounter rates with 
novel diseases and the relatively larger role of genetics in dictating magnitude of innate 
immune function, indices of constitutive innate immune function are good targets for studies 
of evolved differences (Matson et al. 2005). We assessed two indices of constitutive innate 
immune function: (1) Natural antibodies (NAbs) are an essential defense against blood-borne 
infections (Ochsenbein and Zinkernagel 2000). They are important in the early detection of 
novel pathogens, and they facilitate phagocytosis and cell lysis. Circulating levels are not 
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affected by the sickness response (Matson et al. 2005), but do predict survival (Star et al. 
2007) (2) Complement activity measures the function of the complement system which 
consists of a series of proteins which are important in destroying foreign cells and viruses 
before the infection can take hold. Complement proteins also enhance antibody function 
(Matson et al. 2005). In addition we determined haptoglobin-like activity (Hp). Haptoglobin 
is an acute-phase protein that binds heme to prevent the iron from serving as nutrient for 
bacteria. The protein circulates at low baseline concentrations, which are repeatable, and 
predictive of the manifold increase that follows acute infection, inflammation, or trauma 
(Matson et al. 2012). Hp is primarily an inducible component of innate immune function 
(Millet et al. 2007).  
 
Levels of complement and natural antibodies were assessed using a haemolysis-
hemagglutination assay, which quantifies the reaction between blood plasma and exogenous 
rabbit red blood cells (RRBCs) as described in Matson et al. (2005). The original protocol 
was adapted with minor modifications, which included reducing the volume of plasma used 
from 25 µl to 15 µl (scaling the quantity of all other reagents accordingly), and increasing the 
concentration of RRBC solution from 1% to 1.2% to enhance visualization of the reaction. 
Rabbit blood was collected from the Monash University Animal House, Clayton campus, 
Australia. Lysis (complement activity) and agglutination (NAbs) were scored from images, 
blind to sample details, following the criteria in Matson et al. (2005). To allow calculation of 
inter-plate variability, two control samples of chicken plasma (sourced from Applied 
Biological Products Management, South Australia ©) were run in rows 1 and 8 of every 
plate. One control was used undiluted and one was obtained from the chicken 8 days after 
immunization with RRBC; the latter control was diluted 1/100 with PBS prior to aliquoting. 
All controls were stored in 30 µl aliquots at -80˚C. We had data on NAbs for 121 individuals 
from 61 groups, and for lysis for 133 individuals from 62 groups; the difference is due to an 
operator error. Inter-plate variation was low for both control samples, as indicated by 
coefficients of variation (CV) for agglutination (CV=0.09 and 0.07, n=27) and lysis 
(CV=0.03 and 0.08, n=29), and we included ‘plate’  as random term in the statistical analyses.   
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To quantify Hp (mg/ml), we used a commercially-available assay (PhaseTM Range, 
TP801; Tri-Delta Development Ltd.), following the ‘manual method’  instructions provided 
by the manufacturer with a few minor modifications. We used 5 µl of plasma or standard, 50 
µl of reagent 1 and 70 µl of reagent 2. We measured absorbance at 630 nm prior to the 
addition of reagent 2 and subtracted this pre-scan from the final absorbance reading at 630 
nm to correct for differences in plasma color and to check for plasma or plate irregularities 
(five samples had high pre-scan absorbance and were excluded from analyses). We also did a 
pre-scan at 450 nm to check for hemolysis, but these values were very small and showed 
almost no variation (data not shown), and were not used. Due to small plasma volumes, we 
could only analyze Hp in 36 samples, 14 samples were analyzed in triplicate and 15 in 
duplicate. We used average Hp in the analyses, which ranged from 0.02 mg/ml to 0.29 
mg/ml. Repeatability of duplicates/triplicates was high (R2adj = 0.91, p < 0.001), and this 
appeared consistent for both plates (R2adj = 0.80, n = 21/55 and R2adj = 0.97, n = 14/20 
samples/observations, both p < 0.001); we included ‘plate’  as a random term in the statistical 
analyses. Hp was log10 transformed to normalize the distribution of residuals of statistical 
models. 
 
Heterophil : lymphocyte ratio (HLR)  
We estimated chronic stress experienced days to hours pre-capture by the heterophil to 
lymphocyte ratio (HLR; Davis et al. 2008). Natural stress or administration of exogenous 
stress hormones generally leads to an increase in the number and percentage of heterophils, 
and a decrease in the number and percentage of lymphocytes (Davis et al. 2008). A review by 
Davis et al. (2008) showed that high HLR consistently and reliably indicates high levels of 
stress hormones and that a leukocyte response time to handling is relatively slow in birds 
(hours). HLR increases in response to subtle chronic stressors in wild birds, and appears to 
provide different information than stress hormone levels (Müller et al. 2010). A recent meta-
analysis by Goessling et al. (2015) showed that the elevation of HLR is a good indicator of 
chronic environmental stress, and that HLR, in contrast to corticosteroid levels, does not 
attenuate over time, making it a superior indicator of chronic stress.  
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Blood smears were counted blind to sample details by a single observer (RJH) to 
determine the relative abundance of heterophils, lymphocytes, eosinophils, and basophils. We 
fixed smears in methanol and stained with May-Grunwald and Giemsa stains. Smears were 
then scanned at 400x magnification until at least 100 leukocytes had been counted and at 
least one pass had been completed from the head (nearest the top) to the tail of the smear. As 
is common (Maxwell and Robertson 1998), the most abundant cell type were lymphocytes 
(67 ± 2% of cells across all smears) and heterophils (32 ± 2% of cells). From this, we 
calculated HLR. A random subset of smears was rescored, and HLR repeatability was high (r 
= 0.94, n = 5). HLR was log10 transformed to normalize the distribution of residuals of 
statistical models. 
 
Corticosterone (CORT) concentration 
Acute stress levels in relation to capture and post-capture holding and handling time were 
estimated from measured plasma corticosterone (CORT ng/ml), the principal avian stress 
hormone. Corticosteroids are common stress hormones known to be released during stressful 
situations, and chronically elevated CORT is implicated in immunosuppression (Sapolsky et 
al. 2000). Plasma CORT (ng/ml) was analyzed in a subset of birds (n = 30, 17.4  0.4 µl; 
meanSEM) that was selected semi-haphazardly to represent the whole range of duration of 
captivity, based on how much blood plasma was available from each individual. The CORT 
content of plasma samples was determined in triplicate using an Enzo Enzyme Immunoassay 
kit (Enzo Life Sciences; catalogue number ADI 900-097). Samples were initially enriched 
with ca. 1 pg of tritiated CORT (1,2,6,7-3H; Perkin Elmer, Australia) prior to steroid 
extraction to determine % recovery using a scintillation counter (Perkin Elmer Tri-Carb 
2910TR). Each plasma sample was mixed with 6 ml of dichloromethane (DCM) using a 
vortex mixer for 10 minutes and allowed to settle into separate layers before removing the 
dissolved portion by pipette into a separate tube. A second volume of 6 ml DCM was added 
to the residue and this was vortexed for 10 minutes before removing the dissolved portion 
after settling and adding this to the first sample. The combined samples were then dried under 
nitrogen and reconstituted in the manufacturer’s buffer solution (1:30 ratio). Because of low 
plasma available, we modified the manufacturer’ s protocol and assayed the reconstituted 
samples using half the volume of all the reagents supplied with the EIA kits. Absorbance at 
405 nm was read using a FluoStar Omega plate reader (BMG Labtech), which was corrected 
fro absorbance at 595 nm. Validation of the half-volume method using pooled plasma from 
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house sparrows (Passer domesticus) showed no statistical difference in plasma corticosterone 
content of half- versus full-volume protocols (Buttemer et al. unpubl. data) or in the 
parallelism between serially diluted plasma samples and standards using the half-volume 
technique (Aharon et al. 2016). Hormone values were adjusted for individual sample 
recovery, which averaged 91.1 ± 1.8%. Reported CORT values are based on the average of 
the two closest of the triplicate values. Intra-assay variation using triplicate standards and 
samples was 3.7% and interassay variation, assessed using pooled quail plasma, was 7.7%. 
All CORT measurements were within the range of assay detectability. CORT values ranged 
from 18.1 ng/ml to 81 ng/ml (μ= 41.26, median=43.1, SE=3.03, n=29; one outlier (154 
ng/ml) was excluded). 
 
Hemoparasite (avian malaria) detection 
Infections with avian malaria are known to occur in many songbirds, including fairy-wrens 
(Colombelli-Négrel et al. 2008). Such infections can be costly, even at latent levels (Asghar 
et al. 2015), and associated with behavioral differences (Dunn et al. 2011), whereby the 
direction of causality remains to be established. Concomitant with differential white blood 
cell counts, blood smears were scanned at 400x magnification for blood parasites such as 
Plasmodium, Leucocytozoon and Haemoproteus. No parasites were identified. Therefore, we 
tested all blood samples for avian malaria using a sensitive, broad detection PCR approach 
designed to detect a wide range of hemoprotids. The primers, MalMitoF1 and MalMitoR1, 
(F1: AGC CAA AAG AAT AGA AAC AGA TGC CAG GCC AA; R1: AGC GAT RCG 
TGA GCT GGG TTA AGA ACG TCT TGA G) were identified from the multiple alignment 
of whole mitogenomes of several Protozoans. The resulting primers target a highly conserved 
183bp fragment amplifies a highly conserved region of the mitogenome that is outside the 
three described genes for the Protozoan mitogenome.  
 
Whole DNA was isolated from blood preserved in 100% ethanol, using a standard salt 
extraction method. DNA purity and quantity were determined using 2 µl of sample on a 
NanoDrop 1000 Spectrophotometer. DNA concentrations were normalized to 10ng/μl or 
below with sterile MilliQ water. The PCRs were carried out in 10 µl reactions containing 3 µl 
of DNA, 0.05 µM of each primer, 1X of QIAGEN HotStart MasterMix (Cat No 203446), and 
sterile MilliQ water. The amplification was carried out on an ABI® GeneAmp® PCR System 
2700, using the following program: 94 ºC for 15 minutes to activate the polymerase; five 
cycles of 94º C for 30 seconds, 65 ºC for 30 seconds, and 72 ºC for 30 seconds; then 10 
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cycles in which the annealing temperature was decreased by 1 ºC/cycle (indicated by * ) of 94 
ºC for 30 seconds, 65º C for 30 seconds* , and 72 ºC for 30 seconds; and finally, 30 cycles of 
94 ºC for 30 seconds, 55 ºC for 30 seconds, and 72 ºC for 30 seconds. All batches included a 
positive control made up of 0.003 ng of Plasmodium falciparum 3D7 DNA provided to us by 
the Department of Microbiology, Monash University. The P. falciparum DNA was also used 
in a “spiking”  experiment, in which equal parts of P. falciparum and sample DNA were 
mixed in order to rule out the possibility that negative results were caused by PCR inhibitors. 
Two batches were repeated because the negative control amplified a fragment or positive 
control failed to amplify. 
 
Statistical analyses 
We used generalized linear mixed models (GLMMs) to quantify the association between 
exploration score (predictor, either the score measured on the day of immune sampling, or the 
average exploration score over multiple tests, see above for details) and natural antibodies 
(titer), complement activity (titer), Hp (mg/ml), log HLR and CORT (ng/ml), respectively, as 
dependent variables in separate models. We included social group identity as a random factor 
to control for the effect of repeated sampling within a single social group (home group 
identity explained < 10% of the variation). To test whether the duration of stress experienced 
affected the dependent variables we included duration of captivity (from capture to blood 
sampling) in all models.  To test whether a behavioral-style related difference in response to 
captivity might have affected stress and/or immune parameters we included an interaction 
between duration of captivity and exploration score. Initial exploratory analyses fitting 
splines revealed no evidence for non-linear relationships between time in captivity and any of 
these parameters (data not shown). In all models, we controlled for seasonal and diel 
variation by including capture date and time of day (see Zylberg 2015). Additionally, we 
included variables known to influence behavior, immunity, and HLR, namely sex and age 
class (juvenile or adult). The models for natural antibodies and complement also included 
individual mass and tarsus length as covariates, a well-established proxy in avian ecology to 
estimate body condition (Green, 2001). For Hp, NAbs and complement we included plate ID 
as random term. Sample sizes vary, mostly as a result of limited plasma volume (see Tables 
for details). We present statistical details for full models, with only non-significant interaction 
terms removed. All model results were extremely similar when the interaction term was 
included (not shown). Significant effects were qualitatively very similar if we applied model 
reduction, dropping all terms from the model one by one until only significant results 
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remained in the model (not shown). Because we tested twice for an effect of exploration 
score (the score measured on the day of immune sampling and the average score over 
multiple tests, see above for details), we included a correction for multiple testing using the 
Holm-Bonferroni (Holm 1979) as well as the False Discovery Rate (Bejamini & Hochberg 
1995) methods; this did not change our conclusions, as both significant results (Table 1 and 
Table 5) remained below the adjusted α using both methods.   
 
Statistical analyses were completed using ‘R’  version 3.3.2 software, (R Core Team 
2015), and the “ lme4”  package (Bates et al. 2015). All continuous independent variables were 
standardized (centered and scaled to mean = 0 and SD = 1). Model residuals were visually 
examined to check for deviations from normality and heterogeneity of variance. We 
examined Cook’s distance influence to check whether there were any highly influential points 
in the models (Crawley 2007; none were identified). Because we used mixed models, 
conventional R2 is not appropriate as an estimate of the % of variance explained (Nakagawa 
and Schielzeth 2013). Therefore we calculated R2GLMM(m) as an indicator of the amount of 
variance explained by the fixed effects using the package MuMIn (Barton 2016) following 
the method described by Nakagawa and Schielzeth (2013). We present this in the tables, with 
the caveat that Nakagawa and Schielzeth (2013) identified that “ empirical usefulness of 
R2GLMM as an estimator of the explained variance should still be tested in future studies” . 
 
Results   
Behavioral style and immunity 
Natural antibody titers covaried negatively with exploration scores obtained on the day of 
blood sampling for immunity (Table 1a) and this effect was very similar when using mean 
exploration score (Table 1b, Figure 1a). Complement, HLR, and Hp concentrations did not 
co-vary with exploration tendency, either measured on the day of blood sampling, or mean 
exploration across two years (all p > 0.3, Tables 2, 3, 4; Figure 1a and 1b). Neither NAbs, 
complement activity nor HLR varied with individual condition (p > 0.9; condition estimated 
as body mass with tarsus included in the model).  
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Stress, behavior and immunity 
The stress experienced by individuals, estimated as the duration of time birds were held 
captive prior to blood sampling (median 2.2 h, range 1.5-3.4 h), did not affect the relationship 
between exploration behavior and immunity. None of the interactions between exploration 
score and total time in captivity had significant effects on any of the immune parameters, 
whether using exploration on the day of immune assay (NAbs t90 = 0.50, p = 0.62; 
complement: t121 = 1.10, p = 0.27; Hp t25 = -1.38, p = 0.318) or when using mean exploration 
score (NAbs t89 = 1.16, p = 0.25; complement: t117 = -0.21, p = 0.83; Hp t26 = -1.11, p = 0.27). 
Likewise, for HLR, neither of the interactions between total time in captivity and exploration 
score (t78 = 0.21, p = 0.83 and) or mean exploration score (t77 = 0.21, p = 0.83) were 
significant. For CORT however, there was a significant interaction between total time in 
captivity and exploration score or mean exploration score (Table 5): birds that were less 
exploratory showed a decline in CORT with increasing time in captivity, whereas birds that 
were more exploratory showed an increase (Figure 2). This result was the same when non-
significant co-variates were excluded, and when Group ID was not included as random term 
(details not shown). The duration of time in captivity on its own, had no effect on NAbs 
(Table 1) or HLR (Table 4). However, duration of time held in captivity had a negative effect 
on complement activity (Table 2), and a positive effect on Hp (Table 3). 
 
Environmental modulation of immune function 
There was a seasonal increase in complement (Table 2) and Hp (Table 3) as winter 
approached, but not in NAbs (Table 1). HLR increased (Table 4), and Hp tended to decrease 
(Table 3) with time of day. 
 
Hemoparasites 
No blood parasites were detected in the blood smears. In the first run of the PCR detection 
test, at 10ng/μl DNA normalization, 8 of 161 samples returned as positive. However, all these 
returned as negative at 1ng/μl normalization as well as in the second run at 10 ng/ml.  
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Discussion 
Two hypotheses have been put forward that predict why a relationship between animal 
personality and immune defense may evolve (Figure 3). The risk-of-parasitism hypothesis 
proposes that animals with a more proactive coping style are at greater risks of encountering 
novel parasites and pathogens and being wounded (Barber and Dingemanse, 2010; 
Zylberberg et al. 2014). As a consequence, proactive animals should invest more in immune 
defenses, particularly those that combat novel parasites and wound-related infections. This 
hypothesis predicts that individuals displaying riskier behaviors should have higher levels of 
natural antibodies (NAbs), the most relevant innate immune parameter for early detection and 
neutralisation of novel parasites (Ochsenbein and Zinkernagel 2000), and complement and 
acute phase proteins (i.e., haptoglobin, Hp), both of which relate to inflammation, important 
to combat wound infection. We found, however, that NAbs circulated at somewhat lower 
levels in more exploratory individuals (Figure 1a) and that complement and Hp did not vary 
with exploratory behavior (Figure 1, b). Therefore, our data provide no support for the risk-
of-parasitism hypothesis.  
 
A negative association between exploration and NAbs is consistent with the pace-of-
life hypothesis (Réale et al. 2010). This hypothesis posits that proactive animals are expected 
to prioritize current activities over future survival and to invest less in immune defenses. A 
central tenet of the pace-of-life hypothesis is that consistent individual differences in risk-
related behaviors are related to individual differences in survival, as has been demonstrated in 
our study species (Hall et al. 2015). Although we do not know whether individual variation in 
circulating NAbs is directly related to survival in this species, more generally natural 
antibodies are predictive of parasite infection (Owen et al. 2014), correlate with survival 
(Ochsenbein and Zinkernagel 2010), and are important indicators of fitness in other wild 
birds (Møller and Haussy 2007, Whiteman et al. 2006). Moreover, in birds, innate immunity 
is associated with pace-of-life, within (Martin et al 2006) and among (Tieleman et al 2005) 
species, with slower life-history being correlated with higher titers (although this pattern is 
not universal, Horrocks et al. 2014). 
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Out of the three measured components of the innate immune system, only NAbs were 
related to risk-related behavioral style. This result agrees with the idea that NAbs are the most 
likely innate immune component to reflect evolved immune differences (Matson et al. 2005). 
NAb levels have a clear genetic component (Versteegh et al. 2014) and genotype-dependent 
expression of NAb genes is directly subject to selection (Parmentier et al. 2004). Moreover, 
although the diversity of antigen-binding by NAbs is not independent of previous exposure 
and past infection (Owen et al. 2014), NAb titers appear to be relatively insensitive to 
environmental conditions (Versteegh et al 2014, Buehler et al 2008), nutritional status, or 
stress levels (Matson et al. 2005), as our study confirmed (Table 1, no effect of body 
condition, date, time of day, handling time). This might also explain why the proportion of 
variance explained (Table1) was relatively low for NAbs (whereby 5% of variance explained 
is average in the research fields of ecology and evolution; Møller and Jennions 2002). 
Conversely, complement and to a lesser extent Hp levels, had a significant seasonal 
component, increasing with date, as autumn progressed (Table 2, 3; and higher R2GLMM(m)). 
Clear seasonal trends in complement and Hp were also observed in captive populations of 
wild birds (Versteegh et al. 2014, Buehler et al. 2008). Flexibly regulated immunological and 
physiological traits may be less likely to be associated with consistent individual differences 
in behavior. Alternatively, such associations may be more difficult to detect, requiring 
repeated measurements of all traits on large numbers of individuals (Dingemanse and 
Dochtermann 2013, Brommer 2013). Possibly, measuring immune indices at other times of 
the year, including during the breeding season, might reveal further associations between 
innate immunity and behavioral style.  
 
Stress responsiveness as a mechanism? 
Our results do not support differential stress responsiveness of proactive and reactive 
individuals as a mechanism linking immune function and behavioral style (2008, Carere et al. 
2010, Baugh et al. 2013, Friedman 2008). Behavioral style, here assessed as the number of 
perches visited, is closely linked with stress responsiveness in general (Koolhaas et al. 2007, 
2010). Therefore, associations between behavior and immunity may differ depending on the 
test environment (Demas and Carlton 2015), i.e. duration and type of stress involved. This 
context dependency is an important consideration when wild animals are adapting to 
captivity. Several studies have found a negative relationship between immune defenses and 
proactive behavior in recently caught wild birds. For example, individuals with more damage 
to their tail feathers, an indicator of an inability to adapt to captivity and a proactive coping 
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style, had reduced humoral immune responses after a week (great tits, Krams et al. 2013) and 
a month (greenfinches, Sild et al. 2011) in captivity. Wild-caught house finches (Haemorhous 
mexicanus) showed a negative relationship between boldness and exploration and 
inflammatory response to an immune challenge that followed three days of behavioral tests in 
captivity (Zylberberg et al. 2014). These results support the idea that proactive individuals are 
more prone to chronic stress responses that result in immune suppression (Koolhaas 2008).  
In contrast, in our study, where birds were held captive for 2-3 hours, there was no evidence 
that coping-style related stress responsiveness explained differences in immunity among 
individuals.  
 
None of the immune indices were affected by an interaction between exploration 
score and the time in captivity (duration of stress experienced during the experimental 
procedure, see Tables 1-3). Apparently this result was not due to a lack of exploration-related 
variation in stress responsiveness, since the effect of time in captivity on levels of 
corticosterone (CORT) depended on exploration score (Table 5). Because of the small body 
size of the birds, we were only able to analyze CORT in a subset of animals and at one time 
point (upon completion of the behavioral tests). Despite these limitations, our data support 
the notion that stress response style varies with coping style: faster exploring, proactive 
animals showed an increase in CORT with longer time in captivity (> 1.5 h), whereas slower 
exploring individuals showed a decrease (Figure 2). Recent evidence from wild birds 
suggests that the time course of stress responses can vary with behavioral style in complex 
ways. For example, captive-bred great tits selected for reactive coping style have higher 
CORT after 30 min of handling–restraint (a classic test to determine stress-induced CORT, 
Baugh et al. 2012) compared to tits selected for proactive behavioral style. However, wild-
caught great tits show no relationship between coping style and CORT at 30 min (Baugh et 
al. 2012), but less exploratory individuals do have higher CORT after 1.5 h of handling stress 
(final sampling in follow-up study; Baugh et al. 2013). Our results similarly suggest that 
differences in CORT responsiveness associated with behavioral style are complex and require 
prolonged sampling periods that combine cross-sectional and longitudinal blood sampling 
schemes. Thus, although our study design does not allow us to fully explore the relationship 
between CORT and exploratory style, we found no evidence that observed differences in 
CORT responsiveness associated with behavioral style affect innate immunity in the wild. 
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We found no link between exploratory behavior and an index of chronic stress, HLR, 
which integrates stress experienced over hours to days to months (reviews in Davis et al 
2008, Goessling et al. 2015). Such a relationship (see eg Krams et al. 2013) might have been 
obscured if HLR was affected by stress associated with captivity. For example in great tits in 
late winter, HLR was higher in birds sampled 60 and 120 min after capture compared to birds 
sampled in less than 60 min (Cirule et al. 2012). However, in our study, time since capture 
did not detectably affect HLR (Table 4). Possibly this was because variation in time in 
captivity (1.5 - 3 hours) was due primarily to variation in the period of quiet, dimly lit, and 
visually isolated confinement prior to the standardized 13-minute behavioral test. 
Alternatively, fairy-wrens may not respond as quickly to handling stress as tits that were 
already stressed due to harsh winter conditions.  
 
State-dependent links: parasites and condition 
We found no evidence that individual variation in state was underlying the association 
between individual variation in immunity and behavioral style. One of the main proposed 
state-dependent links are parasite loads (Sih et al. 2015, Barber and Dingemanse 2010). We 
observed no overt signs of disease or inflammation (elevated Hp) and no evidence of 
infections by haematozoa. These are commonly observed blood-borne parasites of wild birds, 
including this species in other populations (Colombelli-Négrel and Kleindorfer 2008). Birds 
might have had latent infections that occur without overt signs of infection (Atkinson et al. 
2001), although blood-stage infections can re-appear (Knowles et al. 2011). Testing this 
possibility requires longitudinal sampling, including during the breeding season when malaria 
prevalence is higher (Colombelli-Négrel and Kleindorfer 2008). Meanwhile, our study was 
unable to assess the link between parasite load and behavioral style. However, we found no 
evidence for body condition linking immunity and personality/coping style. Neither 
immunological (Tables 1-3) nor chronic stress (Table 4) indexes were related to one of the 
most widely used non-destructive indices of individual condition in small birds (i.e., body 
mass corrected for structural size (Green 2001)). These results agree with a previous study 
that explored the relationship between body condition and exploratory behavior in the same 
study population, using repeated assessments of behavior in the same individuals (Hall et al. 
2015). That study showed that exploration score increases within individuals as they grow 
older and is lower when individuals are in worse condition. However, these differences may 
not be evident in the current cross-sectional analysis because individuals with higher 
exploration scores are more likely to die (Hall et al. 2015). Repeatedly measuring parasites, 
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condition, immune and stress indexes as well as behavior in the same individuals could 
possibly reveal a state-dependent link between behavior and immunity. 
 
Conclusion 
We tested several hypotheses predicting an association between constitutive immune function 
and coping style in free-living animals. To do so, we characterized the personality of 
individuals by measuring their exploration of a novel environment and quantified three 
indexes of innate immunity. Our results, summarized in Figure 3, provide some support for 
the pace-of-life hypothesis which predicts a negative relationship between coping style and 
immune defenses. We found that superb fairy-wrens with a more explorative response to a 
novel environment (likely to be a stressful, risky context for wild birds), have lower levels of 
natural antibody titers. This relationship, which was not very strong, was not due to 
personality-related differences in stress responsiveness, acute or chronic stress experienced, 
or individual state, which encompass the main proposed mechanistic links between immunity 
and coping style (Figure 3). Given the strong potential for stress responsiveness and, in 
particular sensitivity to chronic stress, to modulate links between personality and immunity 
(Koolhaas 2008), it would be informative to repeat this study measuring immune function in 
samples obtained immediately after capture as well as after longer periods of captivity 
(similar to Krams et al. 2013, Sild et al. 2011) or during stressful periods of the year (e.g., 
peak breeding).  
 
Acknowledgements 
This research was completed under approval of a ‘DSE bird banding and research permit’  
(permit no. 1006026), the Science, Optometry & Vision Sciences, Land & Environment 
Animal Ethics Committee, Melbourne University (ethics ID 0911118.1) and the Biological 
Sciences Animal Ethics Committee of Monash University. We would like to thank Timon 
van Asten and Andrew Katsis for help with fieldwork. We are grateful to Chris Johnstone and 
Deborah Buehler for helpful advice regarding blood smears, to Viviana Rosati for help with 
the Hp analysis and to Hannah Moule and Lee Peacock for help with the avian malaria 
analysis. Special thanks to Kaspar Delhey for statistical assistance and for making the graphs. 
Three anonymous reviewers provided helpful comments. The research was funded by the 
Australian Research Council (FT110100505 and DP150103595 to AP and DP110103120 to 
RAM). 
 
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
 
 22
Author contr ibutions RJH collected behavioral data and performed assays, MLH collected 
behavioral data, KDM supervised immune assays, WAB analysed CORT, AG-S developed 
and supervised malaria analyses, RAM developed the field work, AP conceived the study, 
performed assays and wrote the paper, with input from co-authors. 
 
  
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
 
 23
References  
Aplin, L.M., Farine, D.R., Morand-Ferron, J., Cole, E.F., Cockburn, A., Sheldon, B.C., 2013. 
Individual personalities predict social behaviour in wild networks of great tits (Parus 
major). Ecol Lett 16, 1365–1372. doi:10.1111/ele.12181 
Aharon-Rotman, Y., Buchanan, K.L., Klaassen, M. & Buttemer, W.A. 2015. An 
experimental examination of interindividual variation in feather corticosterone content in 
the house sparrow, Passer domesticus, in southeast Australia. Gen. Comp. Endocrinol.  
doi.org/10.1016/j.ygcen.2015.12.010) 
Asghar, M., Hasselquist, D., Hansson, B., Zehtindjiev, P., Westerdahl, H., Bensch, S., 2015. 
Hidden costs of infection: Chronic malaria accelerates telomere degradation and 
senescence in wild birds. Science 347, 436–438. doi:10.1126/science.1261121 
Atkinson, C.T., Dusek, R.J., Lease, J.K., 2001. Serological responses and immunity to 
superinfection with avian malaria in experimentally-infected Hawaii Amakihi. J Wildlife 
Dis 37, 20–27. doi:10.7589/0090-3558-37.1.20 
Atkinson, C.T., Paxton, E.H., 2013. Immunological markers for tolerance to avian malaria in 
Hawaii Amakihi: new tools for restoring native Hawaiian forest birds? (No. HCSU-042, 
Technical Report, US Geological Survey). 
Barber, I., Dingemanse, N.J., 2010. Parasitism and the evolutionary ecology of animal 
personality. Phil. Trans. R. Soc. B 365, 4077–4088. doi:10.1098/rstb.2010.0182 
 Barton, K. 2016. MuMIn: Multi-Model Inference. R package version 1.15.6. 
  https://CRAN.R-project.org/package=MuMIn 
Bates, D., Maechler, M., Bolker, B., Walker, S., 2015. _lme4: Linear mixed-effects models 
using Eigen and S4_. R package version .- 1.1–8. doi:<URL: http://CRAN.R-
project.org/package=lme4> 
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
 
 24
Baugh, A.T., Schaper, S.V., Hau, M., Cockrem, J.F., 2012. Corticosterone responses differ 
between lines of great tits (Parus major) selected for divergent personalities. Gen Comp 
Endocrinol 175, 488–494. doi:10.1016/j.ygcen.2011.12.012 
Baugh, A.T., van Oers, K., Naguib, M., Hau, M., 2013. Initial reactivity and magnitude of the 
acute stress response associated with personality in wild great tits ( arus major). Gen 
Comp Endocrinol 189, 96–104. doi:10.1016/j.ygcen.2013.04.030 
Benjamini Y., Hochberg, Y., 1995. Controlling the false discovery rate: a practical and 
powerful approach to multiple testing. J R Statist Soc B 57:289–300.  
Bolhuis, J.E., Parmentier, H.K., Schouten, W.G.P., Schrama, J.W., Wiegant, V.M., 2003. 
Effects of housing and individual coping characteristics on immune responses of pigs. 
Physiol Behav 79, 289–296. doi:10.1016/S0031-9384(03)00090-8 
Boon, A.K., Réale, D., Boutin, S., 2008. Personality, habitat use, and their consequences for 
survival in North American red squirrels Tamiasciurus hudsonicus. Oikos 117: 1321-
1328. 
Brommer, J.E., 2013. On between-individual and residual (co)variances in the study of 
animal personality: are you willing to take the “ individual gambit?”  Behav Ecol Sociobiol 
67, 1027–1032. doi:10.1007/s00265-013-1527-4 
Buehler, D.M., Piersma, T., Matson, K., Tieleman, B.I., 2008. Seasonal Redistribution of 
Immune Function in a Migrant Shorebird: Annual-Cycle Effects Override Adjustments to 
Thermal Regime. Am Nat 172, 783–796. doi:10.1086/592865 
Carere, C., Caramaschi, D., Fawcett, T.W., 2010. Covariation between personalities and 
individual differences in coping with stress: converging evidence and hypotheses. Curr 
Zool 56, 728–740. 
Cockrem JF. 2007. Stress, corticosterone responses and avian personalities. J Ornithol 
148:169–178. 
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
 
 25
Colombelli-Négrel, D., Kleindorfer, S., 2008. In superb fairy wrens (Malurus cyaneus), 
nuptial males have more blood parasites and higher haemoglobin concentration than 
eclipsed males. Aust J Zool 56, 117–121. doi:10.1071/ZO07072 
Crawley, MJ 2007. The R book. Wiley Publishing, Chichester, West Sussex, England. 
Cyr NE, Earle K, Tam C, Romero LM. 2007. The effect of chronic psychological stress on 
corticosterone, plasma metabolites, and immune responsiveness in European starlings. 
Gen Comp Endocrinol 154:59–66. 
Cyr NE, Romero LM. 2007. Chronic stress in free-living European starlings reduces 
corticosterone concentrations and reproductive success. Gen Comp Endocrinol 151:82–89. 
Davis, A.K., Maney, D.L., Maerz, J.C., 2008. The use of leukocyte profiles to measure stress 
in vertebrates: a review for ecologists. Funct Ecol 22, 760–772. doi:10.1111/j.1365-
2435.2008.01467.x 
Demas, G.E., Carlton, E.D., 2015. Ecoimmunology for psychoneuroimmunologists: 
Considering context in neuroendocrine-immune-behavior interactions. Brain Behav 
Immun 44, 9–16. doi:10.1016/j.bbi.2014.09.002 
Dickens MJ, Earle KA, Romero LM. 2009. Initial transference of wild birds to captivity 
alters stress physiology. Gen Comp Endocrinol 160:76–83. 
Dingemanse, N.J., Both, C., Drent, P.J., Tinbergen, J.M., 2004. Fitness consequences of 
avian personalities in a fluctuating environment. Proc R Soc B 271, 847–852. 
doi:10.1098/rspb.2004.2680 
Dingemanse, N.J., Both, C., Drent, P.J., van Oers, K., 2002. Repeatability and heritability of 
exploratory behaviour in great tits from the wild. Anim Behav 64, 929–938. 
doi:10.1006/anbe.2002.2006 
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
 
 26
Dingemanse, N.J., Dochtermann, N.A., 2012. Quantifying individual variation in behaviour: 
mixed-effect modelling approaches. J Anim Ecol 82, 39–54. doi:10.1111/1365-
2656.12013 
Dunn, J.C., Cole, E.F., Quinn, J.L., 2011. Personality and parasites: sex-dependent 
associations between avian malaria infection and multiple behavioural traits. Behav Ecol 
Sociobiol 65, 1459–1471. doi:10.1007/s00265-011-1156-8 
Friedman, H.S., 2008. The multiple linkages of personality and disease. Brain Behav Immun 
22, 668–675. doi:10.1016/j.bbi.2007.09.004 
Geverink, N.A., Parmentier, H.K., de Vries Reilingh, G., Schouten, W.G.P., Gort, G., 
Wiegant, V.M., 2004. Effect of response to backtest and housing condition on cell-
mediated and humoral immunity in adult pigs. Physiol Behav 80, 541–546. 
doi:10.1016/j.physbeh.2003.10.013 
Goessling, J.M., Kennedy, H., Mendonça, M.T., Wilson, A.E., 2015. A meta-analysis of 
plasma corticosterone and heterophil : lymphocyte ratios - is there conservation of 
physiological stress responses over time? Funct Ecol 29, 1189–1196. doi:10.1111/1365-
2435.12442 
Green, A.J., 2001. Mass/length residuals: measures of body condition or generators of 
spurious results? Ecology 82, 1473–1483. doi:10.1890/0012-9658 
Hall, M.L., van Asten, T., Katsis, A.C., Dingemanse, N.J., Magrath, M.J.L., Mulder, R.A., 
2015. Animal personality and pace-of-life syndromes: do fast-exploring fairy-wrens die 
young? Front. Ecol. Evol. 3, 1–14. doi:10.3389/fevo.2015.00028 
Hall, M.L., Parson, T., Riebel, K., Mulder, R.A., 2016. Personality, plasticity, and resource 
defense. Behav Ecol, in press. 
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
 
 27
Hau, M., Casagrande, S., Ouyang, J.Q., Baugh, A.T., 2016. Glucocorticoid-Mediated 
Phenotypes in Vertebrates: Multilevel Variation and Evolution. Adv Study Behav 48:1–
75. 
Hessing, M., Coenen, G.J., Vaiman, M., 1995. Individual differences in cell-mediated and 
humoral immunity in pigs. Vet Immunol Immunopathol 45, 97–113. doi:10.1016/0165-
2427(94)05338-S  
Holm, S., 1979. A simple sequentially rejective multiple test procedure. Scand J Stat 6, 65–
70.  
Horrocks, N.P.C., Hegemann, A., Ostrowski, S., Ndithia, H., Shobrak, M., Williams, J.B., 
Matson, K.D., Tieleman, B.I., 2014. Environmental proxies of antigen exposure explain 
variation in immune investment better than indices of pace of life. Oecologia 177, 281–
290. doi:10.1007/s00442-014-3136-y 
Kimbrell, D.A., Beutler, B., 2001. The evolution and genetics of innate immunity. Nat. Rev. 
Genet. 2, 256–267. doi:10.1038/35066006 
Klasing KC. 2004. The costs of immunity. Acta Zoologica Sinica 50, 961-969. 
Kluen, E., Siitari, H., Brommer, J.E., 2013. Testing for between individual correlations of 
personality and physiological traits in a wild bird. Behav Ecol Sociobiol 68, 205–213. 
doi:10.1007/s00265-013-1635-1 
Knowles, S.C.L., Wood, M.J., Alves, R., Wilkin, T.A., Bensch, S., Sheldon, B.C., 2010. 
Molecular epidemiology of malaria prevalence and parasitaemia in a wild bird population. 
Mol Ecol 20, 1062–1076. doi:10.1111/j.1365-294X.2010.04909.x 
Koolhaas, J.M., de Boer, S.F., Buwalda, B., van Reenen, K., 2007. Individual Variation in 
Coping with Stress: A Multidimensional Approach of Ultimate and Proximate 
Mechanisms. Brain Behav Evol 70, 218–226. 
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
 
 28
Koolhaas, J.M., 2008. Coping style and immunity in animals: Making sense of individual 
variation. Brain Behav Immun 22, 662–667. doi:10.1016/j.bbi.2007.11.006 
Koolhaas, J.M., de Boer, S.F., Coppens, C.M., Buwalda, B., 2010. Neuroendocrinology of 
coping styles: Towards understanding the biology of individual variation. Frontiers in 
Neuroendocrinology 31, 307–321. doi:10.1016/j.yfrne.2010.04.001 
Kortet, R., Hedrick, A.V., Vainikka, A., 2010. Parasitism, predation and the evolution of 
animal personalities. Ecology Letters 13, 1449–1458. doi:10.1111/j.1461-
0248.2010.01536.x 
Krams, I., Vrublevska, J., Cīrule, D., Kivleniece, I., Krama, T., Rantala, M.J., Kaasik, A., 
Hõrak, P., Sepp, T., 2013. Stress, Behaviour and Immunity in Wild-Caught Wintering 
Great Tits ( Parus major). Ethology 119, 397–406. doi:10.1111/eth.12075 
Lattin CR, Bauer CM, de Bruijn R. 2012. Hypothalamus–pituitary–adrenal axis activity and 
the subsequent response to chronic stress differ depending upon life history stage. Gen 
Comp Endocrinol 178:494–501. 
Lochmiller, R.L., Deerenberg, C. 2000. Trade-offs in evolutionary immunology: just what is 
the cost of immunity? Oikos 88, 87–98  
Luttbeg B, Sih A. 2010. Risk, resources and state-dependent adaptive behavioural syndromes. 
Phil. Trans. R. Soc. B 365:3977–3990. 
Markus, M.B., 2010. The hypnozoite concept, with particular reference to malaria. Parasitol 
Res 108, 247–252. doi:10.1007/s00436-010-2072-y 
Martin, L.B., II, Hasselquist, D., Wikelski, M., 2006. Investment in immune defense is linked 
to pace of life in house sparrows. Oecologia 147, 565–575. doi:10.1007/s00442-005-0314-
y 
 
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
 
 29
Matson, K.D., Nicholas P.C. Horrocks, Versteegh, M.A., Tieleman, B.I., 2012. Baseline 
haptoglobin concentrations are repeatable and predictive of certain aspects of a subsequent 
experimentally-induced inflammatory response. Comp Biochem Physiol A 162, 7–15. 
doi:10.1016/j.cbpa.2012.01.010 
Matson, K.D., Ricklefs, R.E., Klasing, K.C., 2005. A hemolysis–hemagglutination assay for 
characterizing constitutive innate humoral immunity in wild and domestic birds. Dev 
Comp Immunol 29, 275–286. doi:10.1016/j.dci.2004.07.006 
Maxwell, M.H., Robertson, G.W., 1998. The avian heterophil leucocyte: a review. Worlds 
Poult Sci J 54, 155–178.  
McKean K.A., Lazzaro B.P. 2011. The costs of immunity and the evolution of 
immunological defense mechanisms. In Mechanisms of Life History Evolution, ed. T 
Flatt, A Heyland, pp. 299–310. Oxford, UK: Oxford Univ. Press  
Millet, S., Bennett, J., Lee, K.A., Hau, M., Klasing, K.C., 2007. Quantifying and comparing 
constitutive immunity across avian species. Dev Comp Immunol 31, 188–201. 
doi:10.1016/j.dci.2006.05.013 
Møller, A.P., Haussy, C., 2007. Fitness consequences of variation in natural antibodies and 
complement in the Barn Swallow Hirundo rustica. Funct Ecol 21, 363–371. 
doi:10.1111/j.1365-2435.2006.01215.x/full 
Møller A., Jennions M.D., 2002. How much variance can be explained by ecologists and 
evolutionary biologists? Oecologia 132:492–500. 
Müller, C., Jenni-Eiermann, S., Jenni, L., 2010. Heterophils/Lymphocytes-ratio and 
circulating corticosterone do not indicate the same stress imposed on Eurasian kestrel 
nestlings. Funct Ecol 25, 566–576. doi:10.1111/j.1365-2435.2010.01816.x 
Nelson, R.J., Demas, G.E., Klein, S.L., Kriegsfeld, L.J., 2002. Seasonal patterns of stress, 
immune function and disease. Cambridge University Press, Cambridge. 
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
 
 30
Ochsenbein, A.F., Zinkernagel, R.M., 2000. Natural antibodies and complement link innate 
and acquired immunity. Immunology Today 21, 624–630. doi:10.1016/s0167-
5699(00)01754-0 
Owen, J.P., Waite, J.L., Holden, K.Z., Clayton, D.H., 2014. Does antibody binding to diverse 
antigens predict future infection? Parasite Immunol 36, 573–584. doi:10.1111/pim.12141 
Parmentier, H.K., Lammers, A., Hoekman, J.J., Reilingh, G.D.V., Zaanen, I.T.A., Savelkoul, 
H.F.J., 2004. Different levels of natural antibodies in chickens divergently selected for 
specific antibody responses. Dev Comp Immunol 28, 39–49. doi:10.1016/S0145-
305X(03)00087-9 
R Core Team, 2015. R: A language and environment for statistical computing. doi:URL 
http://www.R-project.org/. 
Réale D., Reader S.M., Sol D., McDougall P.T., Dingemanse N.J,. 2007. Integrating animal 
temperament within ecology and evolution. Biol Rev 82:291–318.  
Réale, D., Garant, D., Humphries, M.M., Bergeron, P., Careau, V., Montiglio, P.-O., 2010. 
Personality and the emergence of the pace-of-life syndrome concept at the population 
level. Phil. Trans. R. Soc. B 365, 4051–4063. doi:10.1098/rstb.2010.0208 
Ricklefs, R.E., Wikelski, M., 2002. The physiology/life- history nexus. Trends Ecol Evol 17, 
1–7. doi:10.1016/s0169-5347(02)02578-8 
Sapolsky, R.M., Romero, L.M., Munck, A.U., 2000. How do glucocorticoids influence stress 
responses? Integrating permissive, suppressive, stimulatory, and preparative actions. 
Endocr Rev 21, 55–89. doi:10.1210/edrv.21.1.0389 
Nakagawa S, Schielzeth H. 2013. A general and simple method for obtaining R2 from 
generalized linear mixed-effects models. Methods Ecol Evol 4, 133-142 
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
 
 31
Schrama, J.W., Schouten, J.M., Swinkels, J.W.G.M., Gentry, J.L., de Vries Reilingh, G., 
Parmentier, H.K., 1997. Effect of hemoglobin status on humoral immune response of 
weanling pigs differing in coping styles. J Anim Sci 75, 2588–2596. 
Sheldon, B.C., Verhulst, S., 1996. Ecological immunology: costly parasite defences and 
trade-offs in evolutionary ecology. Trends Ecol Evol 11, 317–321. 
Sih, A., Bell, A., Johnson, J.C., 2004. Behavioral syndromes: an ecological and evolutionary 
overview. Trends Ecol Evol 19, 372–378. doi:10.1016/j.tree.2004.04.009 
Sih, A., Mathot, K.J., Moirón, M., Montiglio, P.-O., Wolf, M., Dingemanse, N.J., 2015. 
Animal personality and state–behaviour feedbacks: a review and guide for empiricists. 
Trends Ecol Evol 30, 50–60. doi:10.1016/j.tree.2014.11.004 
Sild, E., Sepp, T., Hõrak, P., 2011. Behavioural trait covaries with immune responsiveness in 
a wild passerine. Brain Behav Immun 25, 1349–1354. doi:10.1016/j.bbi.2011.03.020 
Star, L., Frankena, K., Kemp, B., Nieuwland, M., 2007. Natural humoral immune 
competence and survival in layers. Poultry Sci 1090–1099. 
Tieleman, I.B., Williams, J.B., Ricklefs, R.E., Klasing, K.C., 2005. Constitutive innate 
immunity is a component of the pace-of-life syndrome in tropical birds. Proc R Soc B 272, 
1715–1720. doi:10.1098/rspb.2005.3155 
van Asten,T., Hall, M.L.,  Mulder, R.A., 2016. Who cares? Effect of coping style and social 
context on brood care and defense in superb fairy-wrens. Behav Ecol, in press. 
van Oers, K., Buchanan, K.L., Thomas, T.E., Drent, P.J., 2011. Correlated response to 
selection of testosterone levels and immunocompetence in lines selected for avian 
personality. Anim Behav 81, 1055–1061. doi:10.1016/j.anbehav.2011.02.014 
Verbeek, M., Drent, P.J., Wiepkema, P.R., 1994. Consistent individual differences in early 
exploratory behaviour of male great tits. Anim Behav 48, 1113–1121. 
doi:10.1006/anbe.1994.1344 
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
 
 32
Versteegh, M.A., Helm, B., Kleynhans, E.J., Gwinner, E., Tieleman, B.I., 2014. Genetic and 
phenotypically flexible components of seasonal variation in immune function. J Exp Biol 
217, 1510–1518. doi:10.1242/jeb.097105 
Whiteman, N.K., Matson, K.D., Bollmer, J.L., Parker, P.G., 2006. Disease ecology in the 
Galapagos Hawk (Buteo galapagoensis): host genetic diversity, parasite load and natural 
antibodies. Proc R Soc B 273, 797–804. doi:10.1098/rspb.2005.3396 
Zylberberg, M., Klasing, K.C., Hahn, T.P., 2014. In house finches, Haemorhous mexicanus, 
risk takers invest more in innate immune function. Anim Behav 89, 115–122. 
doi:10.1016/j.anbehav.2013.12.021 
Zylberberg, M., 2015. Common measures of immune function vary with time of day and 
sampling protocol in five passerine species. J Exp Biol 218, 757–766. 
doi:10.1242/jeb.111716  
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
 
 33
Figure 1.  
 
The relationship between indexes of innate immunity and pro-active behavioral style (greater 
exploration of a novel environment, mean value measured over 1-5 occasions across a 2.5 
year period).  Shown are residual values of immune indices predicted by a model that 
contains all variates except mean exploration score (see Tables for details) for  
(a) circulating levels of natural antibodies (measured as agglutination of RRBC in two-fold 
serial dilutions of plasma)  
(b) complement activity (measured as lysis of RRBC in two-fold serial dilutions of plasma)  
(c) circulating levels of haptoglobin (Log10Hp, mg/ml). 
Figure 2. 
Differential stress responsiveness of birds with different behavioral style. Shown are separate 
regression lines of circulating corticosterone (ng/ml, CORT) in response to time held in 
captivity for birds with above-mean (high) and below-mean (low) exploration score.  
Exploration is displayed categorically here for illustrative purposes only – for the statistical 
analysis, exploration was a continuous variable, with a statistically significant interaction 
with time in captivity affecting CORT (see Table 5 for details). 
Figure 3. Diagram of study design and main outcomes. We evaluated two evolutionary 
hypotheses for the relationship between immunity and coping style. The Risk-of-Parasitism 
hypothesis predicts a positive relationship between the two, and the Pace-of-Life hypothesis 
predicts a negative relationship. We investigated two proposed mechanistic links. The first is 
stress physiology, which often varies with coping style, with less exploratory individuals 
more sensitive to acute stress and less prone to suffering from chronic stress. The second is 
state, which involves positive feedback between exploratory behavior and higher body 
condition or lower parasite burden. We related exploration in a novel environment to three 
indexes of innate immunity. We found evidence for differential stress responsiveness with 
respect to coping style, but this did not explain a link between coping style and immunity. 
The observed negative association between exploration and  natural antibodies is in 
agreement with the Pace-of-Life hypothesis. Depicted are the predictions we tested: red 
arrows indicate significant effects; and grey dashed arrows indicate non-significant effects. 
We screened study subjects for parasites, but we detected none.   
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Table 1. Behavioral style and innate immunity: natural antibodies (Nabs). Shown are linear 
mixed models exploring the relationship between risk taking behavior and NAbs (123 
individuals, 61 social groups, assayed on 28 plates; random terms are social group ID and 
plate ID). Behavior is expressed as the exploration score in a standard behavioral test 
measured (A) on the day of the immune assay (R2GLMM(m)  = 0.05) and (B) multiple times over 
2 years (median = 2, range = 1-5) by the same method (R2GLMM(m) = 0.06). Statistically 
significant effects , after correction for multiple testing, are in bold (see methods for details).  
* the effect size is for male relative to female  
# the effect size is for juvenile relative to adult 
  
 Effect size SE df t P 
     
(A)    Intercept 8.89 0.29 50 31.14 <0.001 
Exploration score -0.26 0.10 96 -2.55 0.01 
Sex* -0.03 0.22 93 -0.15 0.88 
Age class# 0.03 0.22 90 0.15 0.88 
Body mass -0.03 0.11 93 -0.24 0.81 
Tarsus length 0.18 0.10 93 1.84 0.07 
Social group size -0.08 0.11 33 -0.71 0.48 
Capture date  0.04 0.10 95 0.42 0.68 
Duration of captivity (h) 0.06 0.10 94 0.61 0.54 
Time of capture (h) 0.08 0.11 89 0.73 0.47 
   
 
  
(B)    Intercept 8.90 0.29 51 30.96 <0.001 
Mean exploration score -0.29 0.10 93 -2.84 0.006 
Sex* -0.02 0.23 87 -0.09 0.93 
Age class# 0.02 0.22 90 0.10 0.92 
Body mass -0.03 0.11 89 -0.25 0.81 
Tarsus length 0.18 0.10 90 1.77 0.08 
Social group size -0.09 0.11 27 -0.79 0.44 
Capture date  0.05 0.10 89 0.45 0.65 
Duration of captivity (h) 0.06 0.11 88 0.55 0.58 
Time of capture (h) 0.07 0.11 85 0.60 0.55 
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Table 2. Behavioral style and innate immunity: complement activity. Shown are linear mixed 
models exploring the relationship between risk taking behavior and complement activity (133 
individuals, 62 social groups, assayed on 30 plates; random terms = social group ID, plate 
ID). Behavior is expressed as the exploration score in a standard behavioral test measured (A) 
on the day of the immune assay (R2GLMM(m) = 0.45) and (B) multiple times over 2 years 
(median = 2, range = 1-5) by the same method (R2GLMM(m) = 0.45). Statistically significant 
effects, after correction for multiple testing, are in bold (see methods for details).  
* the effect size is for male relative to female  
# the effect size is for juvenile relative to adult (i.e. adult has higher complement) 
  
 Effect size SE df t P 
      
(A)    Intercept 3.26 0.14 85 23.53 <0.001 
Exploration score -0.04 0.08 123 -0.52 0.60 
Sex* 0.08 0.16 123 0.53 0.60 
Age class# -0.31 0.16 123 -1.93 0.06 
Body mass 0.03 0.08 123 0.43 0.67 
Tarsus length 0.04 0.08 122 0.59 0.56 
Social group size -0.02 0.08 122 -0.28 0.78 
Capture date  0.65 0.07 123 9.22 <0.001 
Duration of captivity (h) -0.20 0.08 123 -2.59 0.01 
Time of capture (h) 0.07 0.08 123 0.86 0.39 
   
 
  
(B)    Intercept 3.26 0.14 57 22.92 <0.001 
Mean exploration score -0.04 0.08 117 -0.51 0.61 
Sex* 0.10 0.16 112 0.61 0.55 
Age class# -0.34 0.16 119 -2.10 0.04 
Body mass 0.04 0.08 117 0.46 0.65 
Tarsus length 0.03 0.08 119 0.35 0.72 
Social group size -0.03 0.08 25 -0.43 0.67 
Capture date  0.65 0.07 99 8.90 <0.001 
Duration of captivity (h) -0.21 0.08 111 -2.72 0.01 
Time of capture (h) 0.09 0.08 109 1.11 0.27 
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Table 3. Behavioral style and innate immunity: haptoglobin-like activity (Hp). Shown are 
linear mixed models exploring the relationship between risk taking behavior and Hp (34 
individuals from 28 social groups, assayed on 2 plates; random terms = Plate ID, Group ID). 
Behaviour is expressed as the exploration score in a standard behavioral test measured (A) on 
the day of the immune assay (R2GLMM(m) = 0.31) and (B) multiple times over 2 years (median 
= 2, range = 1-5) by the same assay method (R2GLMM(m) = 0.28). Statistically significant 
effects, after correction for multiple testing, are in bold (see methods for details).  
  
 Effect size SE df t P 
      
(A)       Intercept -0.64 0.07 1 -8.63 0.08 
Exploration score 0.04 0.02 28 1.64 0.11 
Duration of captivity (h) 0.04 0.02 21 1.81 0.09 
Capture date -0.04 0.02 24 -2.25 0.03 
Time of capture (h) 0.07 0.02 24 4.29 <0.001 
 
    
 
 
(B)       Intercept -0.64 0.08 1 -7.76 0.09 
Mean exploration score 0.02 0.03 28 0.69 0.49 
Duration of captivity (h) 0.04 0.02 25 1.87 0.07 
Capture date  -0.03 0.02 24 -1.83 0.08 
Time of capture (h) 0.07 0.02 27 4.03 <0.001 
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Table 4. Linear mixed models (random term = group ID) exploring the relationship between 
coping style (exploration score) and chronic stress experienced prior to capture (Heterophil : 
lymphocyte ratio, HLR) (n = 97 individuals, 52 social groups (random term)) Behavior is 
expressed as the exploration score in a standard behavioral test measured (A) on the day of 
blood sampling (R2GLMM(m) = 0.13) and (B) multiple times over 2 years (median = 2, range = 
1-5) by the same method (R2GLMM(m) = 0.14).  
 
 Effect size SE df t P 
    
(A)    Intercept -0.35 0.11 81 -3.07 <0.001 
Exploration score 0.00 0.06 85 -0.08 0.93 
Sex* -0.01 0.12 87 -0.09 0.93 
Age class# -0.05 0.13 86 -0.42 0.67 
Body mass -0.08 0.07 87 -1.23 0.22 
Tarsus length 0.07 0.06 86 1.08 0.29 
Social group size -0.10 0.08 55 -1.27 0.21 
Capture date  -0.13 0.07 83 -1.87 0.07 
Duration of captivity 0.09 0.06 87 1.51 0.14 
Time of capture 0.11 0.06 86 1.81 0.07 
   
 
  
(B)    Intercept -0.33 0.11 80 -2.87 0.01 
Mean exploration score 0.00 0.06 84 -0.09 0.93 
Sex* -0.03 0.13 86 -0.24 0.81 
Age class# -0.06 0.13 85 -0.47 0.64 
Body mass -0.07 0.07 85 -1.13 0.26 
Tarsus length 0.06 0.06 85 0.98 0.33 
Social group size -0.10 0.08 54 -1.37 0.18 
Capture date  -0.13 0.07 82 -1.77 0.08 
Duration of captivity 0.08 0.06 86 1.44 0.15 
Time of capture 0.12 0.06 84 2.00 0.05 
      
* the effect size is for male relative to female  
# the effect size is for juvenile relative to adult 
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Table 5. Behavioral style and stress responsiveness: Shown are linear models exploring the 
relationship between risk taking behavior and CORT (circulating corticosterone ng/ml for 29 
individuals, 21 social groups, random term = group ID). Behavior is expressed as the 
exploration score in a standard behavioral test measured (A) on the day of blood sampling 
(R2GLMM(m) = 0.20)  and (B) measured multiple times over 2 years (median = 2, range = 1-5) 
by the same method (R2GLMM(m) = 0.28). Statistically significant effects, after correction for 
multiple testing, are in bold (see methods for details). 
 Effect size SE df t P 
     
(A)   Intercept 37.44 3.37 20 11.12 <0.001 
Exploration score (E) -2.17 3.35 21 -0.65 0.52 
Duration of captivity (D) -3.60 3.58 15 -1.01 0.33 
Capture date 1.61 3.99 14 0.40 0.69 
Time of capture -2.14 3.30 21 -0.65 0.52 
Interaction E*D 7.08 2.72 12 2.61 0.022 
   
   
(B)   Intercept 36.80 3.25 22.31 11.31 <0.001
Mean exploration score (Em) -1.84 2.79 22.93 -0.66 0.52 
Duration of captivity (D) -2.60 2.42 3.89 -1.08 0.34 
Capture date 4.11 2.56 3.00 1.60 0.21 
Time of capture -1.52 3.18 22.35 -0.48 0.64 
Interaction Em*D 8.94 1.78 5.81 5.03 0.003 
      
